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The origin of the conduction band in table salt
P. K. de Boer and R. A. de Groot
Electronic Structure of Materials, Research Institute for Materials, Toernooiveld 1, 6525 ED, Nijmegen,
The Netherlands
~Received 4 March 1998; accepted 2 October 1998!
A long-standing misinterpretation of the origin of the conduction band in sodium chloride is
corrected. We show that this band is primarily derived from chlorine states, and not from sodium
states as is generally believed. The anion character of the conduction band holds for the other alkali
halides as well. The reinterpretation of this band clarifies why the size of the band gap in these
insulators does not depend on the alkali metal in a first-order approximation. © 1999 American
Association of Physics Teachers.I. INTRODUCTION
Table salt, also known as sodium chloride ~NaCl!, is a
well studied material. Since the electronic structure of so-
dium chloride is quite simple, it serves as a model compound
in solid state physics courses for graduate students.
Sodium chloride belongs to the alkali halides. They form
crystals with the structural formula RX where R denotes an
alkali metal Li, Na, K, Rb, or Cs and X a halogen F, Cl, Br,
or I. All alkali halides exhibit very similar electronic and
structural properties. We will mainly deal with sodium chlo-
ride, but the conclusions are valid for the other alkali halides
as well.
The electronic structure of NaCl can be readily deduced
from the atomic energy levels of the separate constituents in
an intuitive way. Sodium atoms have one 3s electron more
than an inert gas configuration. The 3p level of chlorine
atoms is occupied by five electrons, one electron less than an
inert gas configuration. In compound formation the 3s elec-
tron of the Na atom is transferred to the Cl atom. This results
in an insulating crystal with a fully occupied valence band,
which is formed by hybridized Cl 3p states. The conduction
band is commonly attributed to empty Na 3s states.
The latter is a widespread error. The origin of this misun-
derstanding goes back more than half a century. In this paper
we will show that in sodium chloride the conduction as well
as the valence band is primarily derived from chlorine states.
II. HISTORY
The first paper which discusses the wave function charac-
ter of the conduction band in NaCl was written in 1936 by
Slater and Shockley.1 At that time it was, of course, not
possible to perform elaborate electronic structure calcula-
tions, but they succeeded in describing the one-electron en-
ergy bands derived from empirical spectral terms of the sepa-
rate ions. In forming a crystal, the energies of the ionic states
change due to the Madelung potential and bands broaden due
to the interaction between wave functions centered on neigh-
boring ions. Slater and Shockley argued that the lowest un-
occupied levels in NaCl were formed by hybridization of
states which originally belonged to the continuum of excited
levels of a Cl2 ion with Na 3s wave functions. It is remark-
able that these authors were intuitively aware of the impor-
tance of Cl states for the conduction band.
Their idea was, however, not adopted by other authors,
though we did not find any reference in which it was explic-
itly challenged. One of the oldest textbooks which is con-443 Am. J. Phys. 67 ~5!, May 1999cerned with the electronic structure of sodium chloride is The
Modern Theory of Solids by Seitz.2 He remarked that the
electronic charge of the lowest unoccupied level is more or
less uniformly distributed between the positive and negative
ions. This is due to the free electron character of the conduc-
tion band. Seitz, however, explicitly connected this band
with the lowest empty level of the metal ion.
The picture of the conduction band being primarily de-
rived from cation s states remained a paradigm in later years.
There are many textbooks on this subject. A few more mod-
ern ones which support this idea are Refs. 3 and 4.
Even sophisticated theoretical methods to calculate the
electronic structure of solids, based, for instance, on
Hartree–Fock or density functional theory ~a proper discus-
sion of these methods is given in Quantum Theory of the
Solid State by Callaway5!, did not correct the misunderstand-
ing of the conduction band in alkali halides. In a recent paper
Ching et al. report the band structures of almost all the ha-
lides, together with a long list of references to other
calculations,6 none of which recognizes that the interpreta-
tion of the conduction band as being derived from cation
states is incorrect.
III. CALCULATIONS
The band structure of NaCl has been published many
times, but we calculate it once more for the purpose of our
argument. We use the localized spherical wave ~LSW!
method,7 which is especially suited here since its basis func-
tions are directly related to atomic states. For details of the
computation we refer to Ref. 8.
The LSW method makes use of the density functional
theory within the local density approximation. It is known
that this approximation produces gaps between valence and
conduction bands which are smaller than the experimental
values. This is, however, of no importance for the character
of the conduction bands.9
We took unoccupied Cl 4s , Cl 3d , Na 3s , and Na 3p
states into account in the basis set in order to describe the
conduction band as well as possible. The band structure
along some high-symmetry lines in the Brillouin zone is
shown in Fig. 1. It is in perfect agreement with previous
calculations.6 The zero of energy is taken to be the top of the
valence band. The valence band is completely occupied and
is primarily formed by Cl 3p states.
An analysis of the lowest, unoccupied, conduction band
by inspection of the wave functions is not straightforward
since the wave functions in this band are quite delocalized. A443© 1999 American Association of Physics Teachers
good insight is given by a few calculations in which some of
the basis functions are excluded from the basis set. Figure 2
shows the band structure of NaCl, calculated without the
Cl 4s states. The effect of one missing basis function is enor-
mous. The valence bands are unaltered but the conduction
band is completely different. For instance, the gap increases
and becomes indirect, in contradiction with experiment. This
calculation shows that the Cl 4s states are, to say the least,
very important for the description of the conduction band.
But what about the Na states? We calculate the electronic
structure of a fcc lattice of Cl2 ions with the same lattice
parameter as NaCl. This can be seen as NaCl with the Na1
ions taken out altogether. The band structure of the Cl2 lat-
tice is shown in Fig. 3. It shows an astonishing resemblance
to the band structure in Fig. 1. The valence bands are iden-
tical as expected since these are the Cl 3p bands. But also the
lowest conduction band and even the bands at higher ener-
gies are similar. These bands are formed by Cl 4s and Cl 3d
states. The absence of Na1 ions causes a different Madelung
potential but this merely results in a rigid shift of all the
electronic bands.
These calculations reveal the origin of the conduction
band. The removal of one single state, the Cl 4s state, from
the basis set completely destroys the shape of this band. The
removal of the Na1 ion, and of all the basis functions cen-
tered on this ion, has no major consequences. This leads to
the conclusion that not only the valence bands but also the
conduction bands in NaCl are primarily derived from Cl
states.
Fig. 1. The band structure of NaCl.
Fig. 2. The band structure of NaCl, without Cl 4s states.444 Am. J. Phys., Vol. 67, No. 5, May 1999IV. BAND GAPS
The character of the lowest unoccupied levels in alkali
halides has an interesting consequence for the band gap. In
general, the states which are relevant for the size of the band
gap of a semiconductor or insulator are, in first approxima-
tion, just the highest occupied states and the lowest unoccu-
pied states. Two different situations can be distinguished: ~1!
The highest occupied states and the lowest unoccupied states
are centered on different atoms, and ~2! the highest occupied
states and the lowest unoccupied states are centered on the
same atom.
Examples of the first case are the III–V semiconductors.
In these compounds the valence band is primarily derived
from anion states, while the conduction band is primarily
derived from cation states. The states in these bands interact
with each other and therefore the cation states hybridize with
anion states and vice versa. This leads to an appreciable an-
ion character of the conduction band and a corresponding
cation character of the valence band. This process of hybrid-
ization is called covalency. The amount of hybridization in-
fluences the size of the band gap and depends, of course, on
the cation. This is reflected in Table I, which shows the band
gap of a few III–V semiconductors. It is clear that the size of
the band gap is strongly dependent on the cation.
The alkali halides, however, behave in a completely dif-
ferent fashion, since both the valence and conduction band
are derived from anion states. The anion character of the
conduction band is not due to interaction with the valence
band and is therefore not related to covalency. Of course, the
states in these bands interact with each other as well. But
since the cation is not involved in the hybridization of va-
lence band and conduction band states it is expected that the
band gap of alkali halides is independent of the cation in first
order. This is clearly shown by Table II, which lists the ex-
perimental band gap of the alkali chlorides. The cation has
almost no influence on the size of the band gap.12 The inde-
Fig. 3. The band structure of a fcc lattice of Cl2 ions.
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pendence of the band gap of alkali halides on the alkali metal
constitutes the experimental evidence for the anion character
of the conduction band.
V. CONCLUSIONS
The free electron-like, delocalized, character of the con-
duction band of NaCl is presumably the main cause of the
long-standing misinterpretation of the origin of this band.
The question arises whether it is suitable to assign atomic
states to a free electron-like band at all. However, if one
insists on doing so, the bottom of the conduction band in
NaCl—and in the other alkali halides—should be associated
with anion s wave functions.
This paper shows that simple arguments are not always
good arguments. It is very natural, but incorrect, to associate
the conduction band in alkali halides with cation states. This
fact should be taken into account when the electronic struc-
ture of these insulators is presented in introductory classes. It
is important that students develop some physical intuition
but they should also be aware of the drawbacks of intuitive
reasoning.
Furthermore, this paper reveals the value of numerical cal-
culations. The calculation of the band structure of NaCl on







aFrom Ref. 11.445 Am. J. Phys., Vol. 67, No. 5, May 1999its own does not contribute very much to the understanding
of the origin of the conduction band. But by turning on and
off particular states, which is impossible in the ‘‘real’’ physi-
cal world, it becomes evident that chlorine states are very
important for this band.
Slater and Shockley were right.
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